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The standard quantum theory has not taken into account the size of quantum particles, the latter
being implicitly treated as material points. The recent interference experiments of Zeilinger [3] with
large molecules like fullerenes and the thought experiments of Bozic et al [7] with asymmetrical
Young slits make it possible today to take into account the particle size.
We present here a complete study of this phenomenon where our simulations show differences
between the particles density after the slits and the modulus square of the wave function. Then we
propose a crucial experiment that allows us to reconsider the wave-particle duality and to test the
existence of the Broglie-Bohm trajectories for indistinguishable particles.
PACS numbers: 03.65.Ta
I. INTRODUCTION
The standard quantum theory of interference phenom-
ena does not take the size of the particles into account,
the latter being implicitly treated like material points.
Two significant advances make this possible now thus al-
lowing us to better apprehend the wave-particle duality.
The first advance concerns the interference experi-
ments realized some years ago with large size meso-
scopic individual quantum objects, cf. Schmiedmayer
et al [1] and Chapman et al [2] with the molecules of
Na2 (∼ 0.6nm size), Arndt et al [3] with the fullerene
molecules C60 (∼ 1 nm diameter), Nairz et al [4] with the
molecules C70 and more recently Hackermu¨ller et al [5]
with the molecules of fluorofulleres C60F48.
The second advance concerns the thought experiments
suggested and simulated by Bozic et al [6, 7]: those are
interference experiments with slits of various sizes, some
large enough to let the molecules get through, others
smaller making that impossible. It is thus theoretically
possible to take into account the size of the particles [7]
by studying their differences in behavior according to the
respective sizes of the particles and the slits.
These thought experiments are particularly suggestive
concerning the interpretation of the wave function since
they correspond to cases in which the particles density
measured after the slits can be different from the calcu-
lation of the modulus square of the wave function. It is
especially the case when the particle diameter is larger
than the size of all the slits and as Arndt et al [3] under-
lines it ” it would be certainly interesting to investigate
the interference of objects the size of which is equal or
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even bigger than the diffraction structure”. Indeed, in
this case the particles density after the slits will then be
null while the standard calculation of the modulus square
of the wave function will not: the postulate of the proba-
bilistic interpretation of the modulus square of the wave
function could well be questioned by this experiment and
must thus be reappraised.
The initial point of this article is to make a complete
study of this phenomenon by calculating the particles
density after the slits according to the various possible
assumptions. The second point is to propose a crucial
thought experiment to test the existence of the Broglie-
Bohm trajectories for indistinguishable particles. This
will be achieved by further looking into the very interest-
ing results of Bozic et al [7] in two directions:
- by determining the particle ”quantum trajectories”
which take into account their size and the slits size. Thus
one obtains the particles density after the slits which can
be very different from the square of the wave function.
- by proposing some experiment making it possible to
clearly highlight the difference between the density ob-
tained by calculation of the wave function and the density
obtained by the quantum trajectories.
We will make use of the experimental data of the
Zeilinger team corresponding to the C60 molecule [3]: the
molecule is spherical with a diameter of 1 nm and the slits
have a width of 50 nm (it is the same size ratio as that
of a soccer ball compared to the goal).
Indeed, as Bozic et al [7] point out, the quantum de-
scription must theoretically take into account the inter-
action of an extended particle with the edge of the slits.
The experiment with C60 [3] shows that one can neglect
this effect if the ratio of the sizes is rather large(∼ 50
nm). This is what we will do from now on. The error
could indeed come only from the particles which run up
against the edges, which according to the preceding esti-
mate would amount to an error of the order of a percent
only.
2Section 2 describes a thought experiment correspond-
ing to asymmetrical slits, then section 3 calculates the
modulus square of the wave function after the slits both
of this experiment and of some diffraction experiment.
Then section 4 shows how the Broglie-Bohm trajectories
make it possible to calculate the particles density after
the slits. From that we conclude that the thought ex-
periment suggested is a crucial experiment to test the
Broglie-Bohm interpretation for indistinguishable parti-
cles.
II. THE THOUGHT EXPERIMENT
We propose a thought experiment inspired by the real
experiment of Arndt et al [3]. One considers a molecular
beam of fullerenes C60, whose speed is vy = 200m/s along
the (0y) axis. Initial speeds in the other directions are
considered null. The molecular beam is 7 µm wide along
the (0x) axis.
At d1 = 1 meter of the orifice of the molecular beam
a plate is placed admitting a slit A of 50 nm along the
0x axis and a grating B of 100 small slits of 0.5 nm of
period 1 nm along the 0x axis. The distance between
the centers of A and B is of 150 nm. The molecules of
fullerenes are then observed by using a scanning laser-
ionization detector placed at d2 = 1.25 m after the slits.
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FIG. 1: Schematic diagram of the thought experiment.
Slit A corresponds to the slits of the experiment of
Arndt et al [3]. The size of the slits of grating B was cho-
sen to stop the molecules C60. Currently, such a grating
is certainly impossible to realize to day, but it will allow
the thought experiment. It corresponds to the diagram of
an experiment which the developments in nanotechnol-
ogy should make possible. It is perhaps experimentally
easier to construct a hole of 50 nm diameter in the place
of slit A and a set of 10000 small holes of 0.5 nm diameter
in the place of grating B; but with slits the theoretical
study is clearer and the simulations are easier.
With the velocity vy = 200m/s, the mass of the
fullerene C60, m=1.2×10
−24 kg gives, a de Broglie wave-
length λdb = 2.8 pm, 350 times smaller than its diameter
(∼ 1 nm).
We will compare this asymmetrical slits (slit A and
grating B) experiment with the diffraction experiment
involving only slit A.
III. CALCULATION OF THE WAVE
FUNCTION WITH FEYNMAN PATH INTEGRAL
The calculation of the wave function is obtained by a
numerical calculation using the Feynman’s integrals, as
we did [9] for the numerical simulation of the experiment
of the slits of Shimizuet al with cold atoms.[10]
For the numerical simulation, we make the following
assumptions. The slits being very long along the 0z axis,
there is no diffraction according to this axis, but the par-
ticles are subjected to gravity along (0z). Consequently,
the variable z can be treated classically as the varible y,
satisfying the relations y = vyt and z = −
1
2
gt2. We thus
consider only the wave function in x, ψ(x, t); we take
as initial wave function ψ0(x) = (2piσ
2
0
)−
1
4 exp
− x
2
4σ20 with
σ0 = 2 µm.
The wave function before the slits is then equal to
ψ(x, t) = (2pis(t)2)−
1
4 exp
− x
2
4σ0s(t) (1)
with s(t) = σ0(1+
i~t
2mσ20
). After the slits, at time t ≥ t1 =
d1
vy
= 5 ms, we use the Feynman path integral method to
calculate the time-dependent wave function [16] :
ψ(x, t) =
∫
F
K(x, t;xf , t1)ψ(xf , t1)dxf (2)
where
K(x, t;xf , t1) = (
m
2ipi~(t− t1)
)
1
2 exp
im
~
(x− xf )
2
2(t− t1)
(3)
and where integration in (2) is carried out on set F of the
area of the various slits and where ψ(xf , t1) is given by
(1).
On figure 2 is represented the modulus square of the
wave function on the detection screen of (a) the diffrac-
tion experiment with slit A only, and (b) the interference
experiment with asymmetrical slits (slit A and grating
B). Figure 2c is just a zoom on central part of figure 2b.
We note that 20 percent of the total density is not repre-
sented on figure 2c, as one part moves laterally towards
the right of the screen and another part leftwards. For
the asymmetrical slits experiment, the modulus square of
the wave function is asymmetrical in the first centimeters
after the slits, then becomes fairly symmetrical when it
comes to the detection screen placed at 1.25 meter (fig-
ures 2b and 2c).
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FIG. 2: Modulus square of the wave function on the detection
screen respectively: (a) diffraction (slit A), (b) interference
with asymmetrical slits (slit A and grating B), (c) zoom of
the asymetric slits central part.
The standard interpretation of quantum mechanics
postulates that the density of the particles must be equal
to the modulus square of the wave function. The parti-
cles density on the detection screen of the asymmetrical
slits experiment must thus be given by figures 2b and 2c
(Standard Assumption 1): we obtain three peaks on fig-
ure 2b (a central peak and two little peaks at -3,4 mm
and 3,3 mm) and also three peaks on figure 2c (a central
peak and two smaller peaks at -20 µm and +20 µm). If it
is supposed that the molecules cannot pass through grat-
ing B, the density shown on figures 2b and 2c can then be
in contradiction with the experimental results. However
within the framework of standard interpretation, another
solution is possible: one can make the assumption that
if the particles do not pass through grating B, then the
wave function does not pass through there either (Stan-
dard Assumption 2). The experimental result must then
be given by figure 2a of the diffraction with the single slit
A which corresponds now to one unique peak.
IV. CALCULATION OF THE PARTICLES
DENSITY WITH BROGLIE-BOHM
TRAJECTORIES
In the Young slits experiments the interference fringes,
and thus the wave function, are never observed directly.
The only direct measurements are the individual impacts
of the particles on the detection screen. In the Broglie-
Bohm interpretation, [11, 12, 13] the particle is repre-
sented not only by its wave function, but also by the
position of its center of mass. The center of mass of the
particle follows a trajectory, which is piloted by the wave
function ψ with a speed v given by
v =
~
2mρ
Im(ψ†∇ψ). (4)
This interpretation statistically gives, in all the exam-
ples available in the literature, the same experimental
results as the Copenhagen interpretation. Moreover, the
Broglie-Bohm interpretation naturally explains the indi-
vidual impacts. These impacts correspond, as in classic
mechanics, with the position of the particles at the time
of their arrival on the detection screen.
The experiment with asymmetrical slits corresponds
to a case where the Copenhagen and Broglie-Bohm in-
terpretrations give different results. It is then possible
to test the Broglie-Bohm Assumption in a very simple
manner. One symply has to simulate the Broglie-Bohm
trajectories and to compare these simulation results with
the experiment.
In the standard interpretation, a molecule C60 is rep-
resented at the initial time only by its wave function
ψ0(x) = (2piσ
2
0)
− 14 exp
− x
2
4σ2
0 . It thus has an uncertain
initial position since the wave function only gives the
probability density ρ0(x) = (2piσ
2
0)
− 12 exp
− x
2
2σ2
0 . Since the
particle is indistinguishable, at time t one can only know
its probability density. Such indistinguishable particles
can also be found in classic mechanics, when one only
knows speed and initial probability density: to describe
the evolution of such classic particles and to make them
distinguishable, it is necessary to know their initial posi-
tions. In quantum mechanics, de Broglie and Bohm make
the same assumption for indistinguishable particles.
As we did for cold atoms[9], we set up a Monte Carlo
simulation of the experiment by randomly drawing the
initial positions for molecules C60 in the initial wave func-
tion.
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FIG. 3: 100 Broglie-Bohm trajectories with randomly drawn
initial positions: (a) global view, (b) central trajectories, (c)
zoom on the first millimeters after the slits, (d) zoom on the
hundred first micrometers after the slits.
In the first place, one does not take into account the
C60 size. Figure 3 represents the quantum trajectories
of 100 molecules C60 which cross either slit A or grating
B (one did not represent the molecules stopped by the
4plate). The density of these molecules on the detection
screen corresponds to the modulus square of the wave
function represented on figures 2b and 2c. On figure 3d
we retrieve the loss of 20 percent of the density in the
trajectories, which accounts for particles which move lat-
erally. At a second stage one takes into account the fact
that all molecules C60 are stopped by grating B. Figure
4 shows the quantum trajectories of molecules C60 which
pass slit A only.
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FIG. 4: Broglie-Bohm trajectories through slit A only: (a)
global view of trajectories , (b) zoom on the first millimeters,
(c) zoom on the hundred first micrometers.
Figure 5 shows the density on the detection screen of
molecules C60 which pass slit A only. The density is to
be found experimentally if the Broglie-Bohm assumption
is valid.
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FIG. 5: Density of molecules C60 having crossed slit A: (a)
global density, (b) central density.
The clear difference between the density of Standard
Assumption 1 (figures 2b and 2c with three peaks), Stan-
dard Assumption 2 (figure 2a with one peak) and the
Broglie-Bohm Assumption (asymmetrical figures 5a and
5b with two peaks only) shows that it is possible to define
a robust test in spite of certain experimental difficulties:
- in preceding calculations we supposed that initial
speeds were well-known. It is not the case in the ex-
periments of Zeilinger where for example speed vy is not
well-known. We have shown [9] how to take these un-
certainties into account. They will smooth the densities,
but will preserve the number of peaks.
- to ensure the validity of the calculation of wave func-
tion (2), it is necessary to prevent molecules C60 from
being blocked in the slits of grating B and stopped there.
For that purpose, one can slightly incline the plate so
that the particles rebound while falling downwards. One
can also send them one by one in order to leave to those
which are stopped enough time to fall before the arrival
of the following particles. One can also make slits even
narrower.
V. CONCLUSION
Taking into account the size of the particles in the in-
terference phenomena, makes it possible to renew the
study of the wave-particle duality and to propose exper-
iments to test the Broglie-Bohm trajectories for indistin-
guishable particles. Should the test be positive, the wave
function for indistinguishable particles would have to be
considered as a field. For the distinguishable particles,
this interpretation does not apply [14].
While waiting for the results of this test which raises
experimental difficulties, one can already realize a much
simpler experiment which makes it possible to clarify the
standard postulate of the probabilistic interpretation of
the modulus square of the wave function: it is the test of
Standard Assumption 2 against Standard Assumption 1.
This can be achieved experimentally by simply reducing
the size of slits and holes to less than the diameter of
molecule C60. That should suffice to observe that the
density on the detection screen is null.
Professor Bozic has suggested that our thougt experi-
ment might be carried out with Rydberg atoms instead
of C60 molecules. Indeed Fabre et al [15] have shown that
slits of 1 µm are enough to stop Rydberg atoms as soon
as n = 50. The experiment would then be performable
right now.
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